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I. li:l:.E'(:TROH/1 INDICATORS OF SMALL DISPLACEMENTS :

Elektrichestvo, No 6,°,
Jun 1952, pages 62-65

Electronic indicators of small displacements are used for the measursement
and recording of various mechanical quantities, e.g., lengths, displacements,
vibrations, accelerations, pressures, and other mechanical parameters both
under laboratory conditions ,and in the testing of machines and engineering struc- ) o
tures./3, 5, 6, 7/ These indicators are vacuum instruments with movable electrodes ’ ﬂ
vwhich are displaced by the action of external stresses. Fine membranes or tubes
are used to transmit the displacements within the instrument.

. The first instruments of this type were a variation of the diode tube in
vhich the relative displacement of a movable anode under the action of external
stresses was used 10 transform the displacement of the particular object into
a changg of electrie current. E Further refinements of this principle led to, |
the development of a series of thermionic indicators whose operation.was based
on the control of plate current by the dlsplecement of a mowable electrode. The diode
indicator with'plane-parallel electrodes.is the simplest in design and operating
principle. Indicators of this type have high current sensitivity and relatively
low plate power dissipation. .

STAT

> LY
FOR OFFICIAL USE mé/

- CLASSIFICATION _ L
[sTatE NAVY NSRB DISTRIBUTION B ‘
ARMY AIR F81 I ] ] .

Copy Approved for Release 2011/09/13 : CIA-RDP80-00809A000700140360-5

.Sanm2é



R . . i . . L3 i '.‘. | . . .
Sanitized Copy Approved for Release 2011/09/13 : CIA-RDP80-00809A000700140360-5

r

-

i - N - N
[ . .

- FOR OFFICIAL USE ONLY

RESTRICTER

A further refinement in the method of electric field control with a movable
electrode vas obtained by increasing the complexity of the field through the use
of a moveble or fired grid. This made it possible to construct indicators which
had considerably higher voltage sensitlvity than diode indicators.

~y
Along with the method of electris field control of thermionic indicators,
several other special methods have been used. These are based on the use of
systems of electrodes whith make {t possible to obtain a more advantageous
dependency of relative variation of elestric field intensity at a heated cathode
as a function of the displacemert of a control electrode. One of these systems
employs the relative displacement of a *hin, directly heated cathode in & homo-

geneoae fielq[§7 and & second fystem 1e based on the use of electrodes having
& toothed form./9

The 410de indicator of small dis;lacements[i7 vhich we proposed in 1935 as
a sound pickup 1s the simplest thermionis.indicator of such displacements. Its
schematic diegram iz shovr in Figure 1. Both electrodes, the cathode 1 and the
anode 2, are placed in a vaiuum and are plane parsliel. . The anode 2, attached
to the lever 3, pacse: through the elmstic wall L of the case and can be moved

in the direction zhown by “he arrow, The outer end of the lever is connected to
the object to be controllsd.

Given a constant apods voliage, & changs in.the distance between cathode .and
anode causes a variation of elestric field intenzity betveen these electrodes and
8 corresponding variasicn of anods susrent.

The dependercy of the space-charge controlled ancde current upon the distance
between the paralle: ele:trodes can be derived given the following limiting condi-
tione /23

1. The distance be‘ween electroles 15 assumed to be small in comparison with :
their Yransverse dimensions, which allows us to consider the electric field between i
electrodes to be homogeneous. '

2. The initiml velotity of the electrons leaving the cathode is assumed to
be zero.

3. A good vacuum exists in the indicator.
4. The ancde and cathode are equirotential.

For the dependency of anode current. of a thermionic indicator upon its para-
meters, we can write:

I =A S'ME;VZ .

a P .
“@ (1) . .
where S 1s the surface of the electrofes, u 15 the distance between them, U_ is : Y
the anode voltage, and A = 2.3k x 16", Equstion 1 shows that the anode cufrent

between plene-paraliel electrodes of the diode indicator is inversely proportional
to the square of the distance between them. I

-

. We now represent a small change of anode current, the anode current being &
fanction of anode voltage and distence between electrodes, as a total differential:

I, o1
=1 + Z=a
dI_ Y did, s da.
: (2)
Here _BIE:characterlzes the different 18l conductivity of the indicator
. ! aua,
i .. SUz) a=const.
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Its reciprocel, which shows the ratio of incremente of anode voltage to incre-
ments of anode current for a fixed distance between electrodes of the indicator
it defined ms its differentisal :nternal resistance; ,
R- = aI/a. -
¢ Al Ja = + N
G consT, (h)

ale The partial derivatvive of anode current with respect to displacement )
v¢j Aszcribes the derendenty of anode turrent on the distance betwveen electrodes
for a constant snode voltage  This term defines the differential sensitivity of
the indizator with respect tc current for small displacements. 1In some electronic
indicators, the differential sensitivity may differ eubstantially from the current
BAGELTIVILY for large displecements, For dieplacements vhich are small compared
¥ith the dlatence betveem =12 7scies, the ncniineartty of the characteristic can
be d1ayagarded and the cucren- seniitivity can be considered a constant. Hence=
forth, we zhall define only tne iifferential seneitivity with respect to current
Walcn we shall call s:imply the surrent Sensitivity, expressed by the relationship:
, —_(9ls
p=—(5=%

da L(a_- const. (s5)

We now defire *he volsage sensitivity of the indfeator as the ratio of a
smAll 1vireest in the voliage arop airoes 1t to the displacement of the anode
fsuslng it fOr a constant anode surrent- .

ou .
o | —l G
¢ (aa. Ia“consf. (6}

70 f1nd the relaticuship betweer the voltage snd cubrent sensitivities of
the indicator, we use equation 2, in vhich we make the total ancde curreat dif-
ferential 4T, 2ero, {.¢., the pla's -urrent cons%ant :

I I
i.:.. du, + ol da = 0,
oU,, da
and eubstituta for the partuial derivatiives thetir squivalents R, and¢; then we obtain

U\
da /Ia_’—’ccn.sf. o Ri l[l, ’ ' (7)
vhere the lef{t term of the *quslity 13 ths expresalon for voltage sensitivity.

Conzequenily, we see that the volitage sansitivity of the indicator ia equal to '
thz product of the curreat sensitivity and the d1fferential internal resistancey ""‘

$=—R; ¥, (8)

Nov le: ud uge these relationships Lo r'ind the dependency of the perameters of a
thermioni+ dlode 1ndicator on the dimencione of the electrodes and the operating
~onditions, sssuming tha® the ansde current satisfies equation 1.

By using the relation 5, we find the magnitude of current sensitivity is

g = 2ASUts
a3 (9

o 5.
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On the basis of 3, the value of differential internal conductiv'ity ié
] o = JASU /2
Za* ;{10

and, according to 4, the value of the differential internal resistance is

. 2a*
L Ve
JASL(G{:- (11)

From 8, we obtain for the voltage sensitivity'

Ja (12)

¢ =

. Since the intensity of a homogeneous electric field between plane parallel elect-
rodes is

: e
N b=

the expression for the voltage sensitivity may be written in the form

=4
¢== E. (13)

Thus, the voltage sensitivity of a diode thermionic indicator with plane-parallel
electrodes is equal to four thirds the intensity of the homogenmeous electric
field existing between these electrodes.

A simultanecus increasé in the current and voltage sensitivities of a therm-
ionic indicator is not advantageous because it leads to an increase in the inter-
nal pover dissipated. It 1s much more effective to increase the current sensitiv-
ity at the expense of the voltage sensitivity and vice versa. The diode therm—
ionic. indicator is inherently suited for operation into a low-resistance load and
therefore a relatively high current sensitivity is most important.! The thermionie
diode indicator with plane-parallel electrodes whose parameters vere defined above
is the simplest of the thermionie indicators in both electrode assembly and elec-
tric field configration.

By reducing the gap between the plane-parallel electrodes, one can obiain ‘
substantial electric field intensities in the gap, which, in turn, permits one
to obtain considerable anode current densities with small enode voltages. This o
Peature of diode indicators with plane electrodes makes them the most current- "\
sensitive of all thermionic indicators of small displacements. It is easy to
show that other electrode systems which would increase the parametric sensitivity
also lead to an increage ¢f voltage drop and for equal power dissipated on the
anode will have lower current sensitivity than the diode indicator with plane
electrodes, Only the most sensitive thermionic indicator with comb-shaped elec-
trodes will have the same current sensitivity as a well-built dicde indicator for
the same dissipated power

The nonlinearity of the volt-ampere charactez"istic of the thermionic diode
indicator suggests the use of a symmetrical double-anode indicator which is sche-

.." matically shown together with a bridge circuit in Figure 2. In this indicator.
N one anode is brousht closer to the cathcue while the other anode is removers
slightly. :

As was shown by Gunn 3/, and alsc by Grekhova and Vasil'yev, a sensitive
micrometer can be made by connecting a technically sensitive porte.ble microemeter
into the diagonal of the bridge. This instrument operates accurately and
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reliably without any amplification nd each scale division represents 1/10,000 mm. '
Experience has shown that for displacements which do not exceed one tenth of the
88p between electrodes, the double-ancde micrometer connected in & bridge circuit
glves good scale linearity. .fThe scale nonlinearity does not exceed one pergent
of muximum deflection. The application of a double-anode indicator can also prove
effective in conjunction with amplifiers, especailly in the small installations
used for the study of dynamic processes.

Appendix

The signals generated by any parametric indicator of small displacements, ,
including electronic indiecators, ordirarily do not exhibit a single-valued depend-
ency on the ma.gnitude of the displacements measured. This is due to the foct that the
intensity of the electrical signals cbtained is determined, on the one hand, by a
change of the basic parameter of the indicator and, on the other hand, by the
intensity of the energy flow eirculating in the indicator. The fact that the
dependency of the signal upon displacement is not single-valued makes it expedi-
ent to use a universal method for the comparative evaluation of the sensitivity of
the parametric indicator. This method is not complicated by requiring the con-
sideration of the electrical operating conditions of the indicator. In this
method, the relative variation of one of the basic parameters of the indicator
is related to the displacement causing the variation. In the future, we shall
call this criterion the parametric sensitivity of the indicator. .

- .. In line with the above, we will define the parametric sensitivity 7 as the |
- . qutient of the relative variation %B- of the basic parameter B divided by the !
relgtive displacement 41, i.e.,

7=f Len=']

Let us nov find the relationship between the parametric and the electrical
sensitivities of a parametric indicator ‘assuming that the basic parameter used
to determine its parametric sensitivity 1is the internal resistance R. Then we
mey write the expression for the parametric sensitivity in the form: -
: dR .

== cm-l.
dl " et
: Let us now relate the current sensitivity of the indicator with 'i‘c‘e_,pa‘ra'-‘ :
g metric sensitivity (for a constant voltage on the indicator).

.

i

For this, we transform the last equation by substituting in it the value
v

== 1

i
After this substitution, we obtain, using 8

n=4 : H
=—ni.

Consequently, the current sensitivity of a parametric indicator is equal to the

or
product of its parametric sensitivity and the current flowing in if;z
We now relate the voltage sensitivity with the parametric sensitivity by .
substituting in expression 11 the value found for the current sensitivity ¢-7l?; i
substituting also .
é = _EY— »
-5-
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H
we obiain finally

¢=7%v.

Therelore, the voltage sensitivity of a parametric indicator with the nonlinear
volt-ampere characteristics which are inherent in some electronic indicators is
equal to the product of the voltage drop on the indicator and its parametric sen-

8itivity and the ratio of the differential internal resistance to the total inter- '
nal resistance of the indicator.

For indicators with linear volt-ampere characteristics, R1 Z R, and the eirpres-
sion found for relating the voltage and parametric sensitivities takes on the form:

#=pv
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II. FLECTRONIC ACCELEROMETERS

i Elektrichestvo, No 12,
Tra Dec 1952, pages 54-57

In a survey article /I/, we gave a brief listing of the electronic indicators
of mechanical quantities used as accelerometers. In this article, we turn our
attention to the most widely used of these, 1.e., electronic accelerometers with
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moving anodes. The feasibility of producing dicde electronic indicators with
moving anodes was demonstrated by us in 1935./2/ Analysis of a diode system
vith a moving anode revealed that this system has high current sensitivity for
small displacements of the moving electrode. This factor suggest the use of
this instrument for direct recording of the cbaerved processes with the help of
an eizctromagnetic oscillograph.

" We use the relationships. found in the above analysis 15/ /Article I, above]
to clarify the dependency of the voltage and current sensitivity of a diode elec-
tronic indicator upon the parameters of the unit and its operating conditiorns.

Electronic accelercmeters belong to the class of parametric indicators. The
current of a parametric indicator is a function of the measured quantity 8 and the
voltage U applied to the indicator. Therefore, any small change of current 4l in
the indicator can be represented by the function

(o + (@), |

(1)

B : vhere '

, ol !

L= (3—9) dU=0 i

" LR B ¢-) ;
is the current sensitivity of the indicator and '

o)

[ =0 ¢

06/4d8 3) ;

is the intermal conductivity of the indicator. . !

In this case, vhere the measured quantity is the acceleration w, equation
-1 takes the form: ’ .

dI =(E)d~ — (D) du, ' 1

w
wvhere . ;
= (01
: (8w)du-o :
(5)

is the current sensitivity of the accelerometer and the voltage sensitivity is

- ”=(_g%)d1=0 (é)

A displacement 1 of the moving electrode of the electronic accelerometer
. is directly proportiinal over wide limits to the component of acceleratiou meag-
! ured parallel to the direction of displacement of the electrode

mw
Z_—;—

(n

where R is the elasticity of the kinematic system of the mass m.
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Substituting the value of v found in 7 into 5 and 6, we obtain

. msol
1=—fL2=
and
m (oY
= F )0, (9
where

24 an
¢’=(a—za/u=o ! ¢=(§Tu d1=0

are the voltage and current sensitivities of the electronic indicator [1-27
Consequently, the expressions 8 and 9 can be written in the form
b =20
k
m
k

s

a (10)
an

V=

(11)

Thus we see that the current and voltage sensitivities are directly propor-
tional to the electrical sensitivity of the displacement indicator and to the
absolute value of the mass , and inversely proportional to the elastic coefficient k.

Similar expressions can also be obtained for angular acceleration. Thus, it
foliows that the sensitivity of an electronic accelerometer is determined prima-
Tllyby the linear and angular sensitivity of the electronic indicator of the dis-
placement of the inert mass. By substituting the values of S" and ¢ found in the
vork mentioned above /I57 intc 10 and 11, we obtain:

(s) For the current sensitivity of the indicator

ZMASHZJ'

b=
ko’

s

(12)

vwhere A z 2.3k x 10'6; S is the active surface of the cathode; U, is the ancde
voltage; and a 1s the distance between the anode and cathode.

(b) For the voltage sensitivity -y

Gm i,

3k a (13)
or ,
y=2mE | ,
7k (24) |

where E is the electric field intensity between anode and cathode.

Let us now investigate systems with greater voltage sensitivity.

-8 -
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The f1irs% method suggesting 1%sslf for an increase of sensitivity ou the
basis of the knovn 15/ relationship

@=yR; (15)

is tuat of inereasing the internal resistance of the indicator, with a relatively
small reduction in its current sensitivity. We found this solution as a result
of using a collector, situated behind e mesh-type anode, so that the anocde of the
instrument did not have to function as a collector of anode current.

The snhematic Clagram of the diode indicator with a collector 1/ shown in
Figure 3. The operation of the coliector reduce: to the following. The electron
current flowing from the ¢athode 1 of the indicator to its anode 2 passes for
the mcet part through the mesh of the anode and 1s incident upon the collector
3 located behind “he anode:. In the diagram, *the anode is shown made up of plates
equirped with & rib. This design gives the anode maximum mechanical rigidity and
et the sems time permi%s the majority of the anode current to pass to the collec-
tor. Furthar, 1% is important to note that this design provides good shielding
of the celhode from the zollector, thus inereasing the internal resistance of

7™\, the instrument. Thus, if we dssume that the resistance of the instrument is

increased 100-fold an? ths current sensitivity is halved as a result of using
the z0lleztor, the voltsge sensitivity of the instrument will be increased
50-fold, Tf the sensitivity of the diode indicator without a collector is about
o =550 v/em, then with the date given above, the sensitivity with a collector
Will be g4 =25,00¢ v/cm. .

Diodes indizators with zollestors used in bridge circuits msy have two col-
lectors with & single common anode. The schematic diagram of an indicator cf
this type 1s shown ir Pigure L together with its associated circuit. The indica-
tor consists of a heated flat cathode 1 with a mesh-type anode 2 on both sides
of it apd also collectors 3 and 4 on both sides of the anode. - The anode 2 1is
attached to & laver 5 whish passes through the elastic wall of the indicator
envelope. ‘I the lever moves in the direction shown by the arrow one or the
dther sice of the anode moves closer to the cathode, changing the ratio of elec-
tron currents to both collectors.

“Le second method of insreasing the voltage sensitivity of the indicator
consists of inzreasing the internal resistznce while simultaneously increasing
the eleztiric fieid gradient &t the surface of the anode by installing a fixed
zrid in the gsp between the cathode and anode.- The schematic diagram of an
indliator with & moveble ancde and a [ixed gric is shown in Pigure 5. Let us
consider its operation for the case of clane-pzrallel electrodes. As is known
[37, the ancde current of a tricde with plune-paraliel electrodes can be repre-

+ a=nted by the equation

az ! (16)

WRETE & 2.3 X 10795 5 ie the active surface of the cathode; a is the distance
tetwesn tathode and gr and V. :5 the control voltage of the equivalent anode
piaced in the plare of the grid, egual %o

U, = Ug+DUa .
I+0 ()

whers Ua is the voltage on the anode of the tricde; Ug is the grid voltzje; and
D is tke permeability.
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Let us express the rate of change w of the control voltage dU, caused by a
displacement dl of the movable anode in the form of a variation of the equilva-
lent voltage dUs on the fixed ancde corresponding to it:

_pdu
dUle= 1+D (18)

Assigning a velocity A to the change of equivalent anode voltage with res-
pect to displacement

2= dU,
dl §l9)
ve obtain from 18 .
dU. = Dadi
c
. 14D (20)
and therefore
w__;dL(c — D '
dl 1+D T ()

Thus we see that the sensitivity of a mechanically controlled tricde is direetly
proportional to A and increases with an increase of permeability of the tube. -

Let us find the expression for current semsitivity by substituting 16 and 21

into
_(2la
¢= 91 )du=a

@ 3ASD A(DH+Ug)%
2:»1 (/ +D) Yo ) _(22)

in the form -

Substituting the value of I from 16 intc 22, we obtain o

301, .

¥ = 2(0%,,"‘0/;) : (23) | .

This shows that the current sensitivity of the instrument increases with an
increase of A and D.

' e d
Having defined the value of differentiasl internal conductivity as ; '\

JASD (Du, +Uy )% L
2(1+0)X 22 (21) i

c'l:"———

and substituting 22 and 2k in
p=_¥ , . !
o .
‘ - (25)
we obtain »
. (26)
- 10 -
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For =mail displacements of the anode, the value of A is close to the value
of the elestric field intensity E, at the anode surface; this indicates that the
voltage sensitivity of the triode with a moving anode is close to the value of
E,, l.e.

a’ 2

P =E.. (27)

) We now consider the operation of an indicator with a thin cathode, which we
previously described.

The direztly heated cathode 1 made from thip wire lies in a plane parallel
Yo the two plane-parallel electrodes 2 and 3. The electrodes 2 and 3 are con-
nected, as shown in Figure 6, to the terminals of the plate battery 4 and the
cathode 18 connected to the midpoint of the battery. The instrument operates as
follows: As long as the cathode of the indicator is in a region of electric
ficld whose potential is below the potential of all sections of the cathode, the
anode current of the indicator is zero. If the cathode is displaced in the direc-
tlon of the anode, plate current will appear when the cathode reasches an equipo-
tential surfase at which the protential is equal to the potential of the negative
part of the cathode. Further displacement of the cathode towards the anode results
in & rapid increase of ancde current.

Let us find the dependency of anode current in this instrument upon the geo-
metry of the interelectrode space, using the following limiting conditions: (1)The
Qiameter of the cathode is assumed to be negligibly small in comparison with the
distance between electrodes and has no practical effect on the homogeneous field
between glectrodes; (2) the cathode is assumed to be equipotential; (3) the initial
velocity of the electrons leaving the cathode is taken &g zero; (4) a good vacuum
is presumed to exist in the indicator; (5) the difference of potential between
the cathode and the equipotential surface (the form of which is close to cyiindri-
cal and which we will consider the control voltage) surrounding it at a certain
distance from the center of the cathode (equal to several filement radii) is
assumed approximately directly proportional to the distance € of the cathode from
the equipotential surface whose potential 1s equal to cathode potential and to the
intensity E of the homogeneous electric field.

According to the asbove, we have
v’
— 2
I,=B (cE)7=, (28)

where B 1s a coefficient determined by the geometrical dimensions of the elec-
trodes. Substituting 28 into the expression for the current sensitivity of the
indicator, we cbtain after differentiation:

- 2 Yo h
Vo= BE e (29)

Using 28, we obtaln the expression for the current sensitivity:

a1,

2e (30)

()Uo=

from vhich B, which is difficult to determine, has been eleminated.

The differential internal conductivity of the indicator is

_ 8 o) .
TSR Ssuw (31)
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where £, as vell as U, =& E (Z 18 the distance between electrodes 2 and 3), is a i
variable, because a change of anode voltage also causes a corresponding displace- ;
ment of the equipotential surfaces.

Replacing in the last expression the distance £ of the cathode from the equi-
potential surface at which the potential is equal to cathode potentiasl by its it
aquivalent i

E=b-d, (32) :
where b 1is the distance of the cathode from electrode 3 and d is the distance of ,

the equipotential surface at cathode potential from electrode 3 which, in turn, ’ ‘
15 equal to :

d= de £
U, (33)
where Uc ie the potential of electrode 3 with respec’ to the cathode, we obtain

finally
g okl &Y, )Y

v ci= =
- - 72 Iy

’ H

(34)
and after differentiation
E/
2L (35)
Remembering that €Uy = By -£ Ue and using 29, we obtein
¢0 = .é(_&.
4 (36)
If electrode 3 1s connected directly to the cathode, the last expression reduces
to
¢a = HYa
£ (37)
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